Abstract Several studies showed signs of autonomic dysfunction in patients with primary Sjögren's syndrome (pSS). Adrenomedullary function might be of importance for pSS pathogenesis by affecting salivary gland functions and modulating immune responses. The aim of the study was to evaluate the adrenomedullary hormonal system in patients with pSS. The glucagon test (1 mg i.v.) was performed in 18 pSS patients and 13 control subjects. During the test each patient had electrocardiographic and impedance cardiographic monitoring. Plasma epinephrine and norepinephrine were assayed by liquid chromatography with electrochemical detection after batch alumina extraction. Baseline concentrations of epinephrine and norepinephrine were comparable between pSS and controls. Glucagon administration induced a significant increase in systolic blood pressure, diastolic blood pressure, heart rate, cardiac output (P \ 0.01), and stroke volume; however, the changes were comparable between pSS and controls. Epinephrine levels increased (P \ 0.01) in response to glucagon administration while norepinephrine concentration did not change. There was no significant difference in neurochemical responses to glucagon between pSS and controls.
Introduction
Primary Sjögren's syndrome (pSS) is an autoimmune disease affecting predominantly exocrine glands such as salivary and lacrimal glands as well as non-exocrine tissues. Autoimmune destruction of the exocrine glands has been considered the main mechanism in the pSS pathogenesis; however, discordant findings between degree of glandular hypofunction and histologically proved destruction of the glands indicate additional mechanisms of the pSS pathology. It has been suggested that the glandular hypofunction could be partly caused by an interference with nervous signaling to the glands (Humphreys-Beher et al. 1999; Dawson et al. 2006) . Several studies showed signs of autonomic dysfunction in pSS (Mandl et al. 2010; Mori et al. 2005; Sakakibara et al. 2004; Mandl et al. 2007) .
Epinephrine secreted from the adrenal medulla together with norepinephrine released locally by sympathetic nerve endings affect the volume, rate of secretion, and composition of saliva. Catecholamines were also found to influence immune functions in particular T cells and monocytes by means of adrenergic receptors (Torres et al. 2005; Wahle et al. 2005; Takahashi et al. 2004 ). Elenkov and his coworkers found that basal epinephrine level conditions cytokine responsiveness of immune cells. The authors also suggested that hypo-or hyperactive adrenal medullas in some individuals may shape opposite cytokine profiles (Elenkov et al. 2008) . Salivary secretion of IgA, an antibody R. Imrich Center for Molecular Medicine, Institute of Experimental Endocrinology, Slovak Academy of Sciences, Vlarska 3-7, 831 01 Bratislava, Slovak Republic e-mail: richard.imrich@savba.sk increased in Sjögren's syndrome, has also been found to be modulated by epinephrine (Cox et al. 2007) . Therefore, adrenomedullary function may be of importance for pSS pathogenesis by affecting salivary gland functions and modulating immune responses.
As far as we know, adrenomedullary function has not yet been studied in pSS. However, adrenomedullary responses to hypoglycemia were found to be decreased in patients with rheumatoid arthritis and systemic sclerosis suggesting downregulation of the adrenomedullary function in patients with autoimmune diseases Imrich et al. 2005; Imrich et al. 2006) . The aim of the present study was to evaluate the adrenomedullary hormonal system in patients with pSS.
Subjects and Methods
The study population consisted of a total of 18 patients fulfilling the American-European Consensus Classification criteria for pSS and thirteen (N = 13) healthy volunteers serving as a control group. The subjects were studied at the National Institutes of Health Clinical Center after giving informed, written consent to participate in protocols approved by Intramural Review Board of the National Institute of Dental and Craniofacial Research. For each patient, a medical history and physical examination were taken, with emphasis on symptoms and signs of pSS. Drugs known to affect sympathetic neuroeffector function, such as tricyclic antidepressants and sympatholytic agents as well as antihypertensives, were discontinued to allow five half-life washout periods before the study.
The glucagon test was a part of complex autonomic testing protocol consisting of Valsalva maneuver, tilt table test, and edrophonium injection (data not shown). At each visit, the same clinical laboratory tests were performed. Autonomic testing for all subjects was performed between 1:00 and 3:00 p.m. In all subjects, an antecubital venous catheter was inserted for drawing blood samples and to infuse test drugs. Subjects received 1 mg of glucagon as a bolus intravenous injection. Blood was sampled at baseline and at 1, 2, 3, and 5 min after glucagon injection. The glucagon test was performed in a total of 18 pSS patients and 13 control subjects. Beat-to-beat blood pressure was measured non-invasively using a Finometer device (Finapres Medical Systems, Amsterdam, The Netherlands). Each patient also had electrocardiographic and impedance cardiographic monitoring (BioZ, Cardiodynamics, San Diego, CA, USA). Continuous vital signs data were digitized and recorded using a PowerLab (AD Instruments Ltd., Castle Hill, Australia) data acquisition system. Plasma catecholamines, including norepinephrine, epinephrine, dopamine, dihydroxyphenylalanine, dihydroxyphenylacetic acid, and dihydroxyphenylglycol were assayed in the Clinical Neurochemistry Laboratory of the Clinical Neurocardiology Section, by liquid chromatography with electrochemical detection after batch alumina extraction (Holmes et al. 1994) .
Statistical analyses were performed using IBM SPSS Statistics version 19 (SPSS Inc., Chicago, IL, USA). Changes associated with the glucagon test were analyzed using the General Linear Model for Repeated Measures procedure. Group differences in mean values were analyzed by means of independent means t tests (or the MannWhitney u test, depending on normality of the data distributions). Mean values were expressed ± standard error of mean. A P value less than 0.05 was considered statistically significant.
Results
Basic characteristics of all pSS patients and controls are showed in Table 1 . Baseline concentrations of all measured catecholamines were comparable between pSS and controls. Glucagon administration induced a significant increase in systolic blood pressure, diastolic blood pressure, heart rate, cardiac output (P \ 0.01), stroke volume, systemic vascular resistance transiently decreased (P \ 0.05) and pre-ejection period shortened (P \ 0.001). Velocity and acceleration indices also transiently decreased with nadir at 2 min of the glucagon test. pSS patients and controls had comparable responses of blood pressure, heart rate, cardiac output, stroke volume, systemic vascular resistance, velocity and acceleration indices in response to glucagon. Among all catecholamines measured in the study only epinephrine levels increased (P \ 0.01) in response to glucagon administration (Figure 1 ). There was no significant difference in neurochemical responses to glucagon between pSS and controls. 
Discussion
In the present study, we evaluated adrenomedullary function in patients with pSS. Our results show that epinephrine responses to glucagon challenge in pSS patients was comparable with healthy controls suggesting normal adrenomedullary function in pSS. The finding is in contrast to previous observations of lower adrenomedullary response to hypoglycemia in patients with rheumatoid arthritis and systemic sclerosis. Hypoglycemia and glucagon tests differ in their mechanisms leading to secretion of epinephrine. Whereas epinephrine secretion during hypoglycemia is a part of complex neuroendocrine response triggered in autonomic centers in the hypothalamus, glucagon action is probably restricted to the adrenal medulla or presynaptic nerves innervating the gland. Thus, the glucagon test provides important information on the peripheral gland itself by stimulating adrenomedullary secretion of catecholamines directly. It must be noted that glucagon at the testing dose of 1 mg causes significantly smaller epinephrine response compared to the insulin-induced hypoglycemia test used in earlier studies (Imrich et al. 2006; Imrich et al. 2005; Rovensky et al. 2008) . Thus, indirect down regulation of adrenomedullary function in pSS might not have been detected in the present study. The precise mechanism of glucagon action in the adrenal medulla is currently unclear. Glucagon receptors were not found to be expressed in normal human adrenal medulla (Albertin et al. 2001) . Nevertheless, the authors of the latter study suggested that the normal human adrenal medulla has a low number of glucagon binding sites and shows a weak catecholamine response to high concentrations of glucagon. The authors also suggested that glucagon may act on receptors for other secretin family peptides, which share amino acid sequence with glucagon and are expressed in the human adrenal medulla (Albertin et al. 2001; Mazzocchi et al. 2002 ). An alternative mechanism of glucagon action has been proposed suggesting that plasma epinephrine response to glucagon results from increased sympathetic preganglionic outflow to the adrenal medulla (Goldstein and Holmes 2008; Sharabi et al. 2005) .
One of the strengths of the present study is a novel approach in addressing autonomic dysfunction presence in pSS by evaluating adrenomedullary response to glucagon. Limitations of the study include the relatively small number of subjects and slightly higher BMI in healthy controls compared to pSS patients.
In conclusion, the present results suggest normal adrenomedullary function in pSS. 
